The conversion of substituted benzoates into 1,2-cis-dihydroxycyclohexa-3,5-diene carboxylic acids (cis-diols) was effected by using Escherichia coli and Pseudomonas recombinants carrying the xylXYZ genes originating from the Pseudomonas putida mt-2 TOL plasmid, thus producing toluate-1,2-dioxygenase. Pseudomonas oleovorans GPo12 recombinants readily produced meta-and para-substituted cis-diols, but were limited in their oxidation of ortho-substituted substrates.
The TOL (pWWO) plasmid of Pseudomonas putida mt-2 contains the genetic information for the mineralization of toluene, m-and p-xylene, 3-ethyltoluene, and 1,2,4-trimethylbenzene (9, 24) . The aromatic hydrocarbons are oxidized to benzoic acids by upper-pathway enzymes encoded by the xylCAB operon and are subsequently broken down to shortchain aldehydes, carboxylic acids, and pyruvate via the meta-cleavage pathway encoded by the xylXYZLEGFJKIH operon (3) . The two operons are coordinately regulated by the xylR and xylS gene products that serve as positive regulators (8, 14, 23) .
The detailed knowledge of the TOL-specified metabolism of aromatic hydrocarbons (4) and the information on the structure and regulation of the genes involved (3, 8) allow the design of strategies to accumulate biotechnologically interesting products. 1,2-cis-Dihydroxycyclohexa-3,5-diene carboxylic acids (cis-diols) that are formed from benzoic acid by toluate-1,2-dioxygenase (TO) are compounds of considerable biotechnological interest since they can be used as building blocks for polyphenylene synthesis (1) or, in view of their reactivities (17, 22) , can serve as reactants for the organic chemical synthesis of related fine chemicals. Although the meta-cleavage pathway suffers from limitations in its substrates (18) , the first enzyme of the pathway (TO) has a broad substrate range (5, 10) and can be used to produce cis-diols carrying various substituents.
The genes of the entire meta-cleavage pathway of the TOL plasmid pWWO (24) and of the XylS positive regulator of the meta-cleavage pathway promoter (Pm) (7) are present on the pBR322-derived plasmid pPL392 (3). The 8.1-kilobase SstI fragment of pPL392, which carries the meta-cleavage pathway promoter and the larger part of the meta-cleavage pathway operon (3), was inserted into the SstI site of the mobilizable, broad-host-range expression vector pNM185 (12) to allow conjugational transfer and expression of the meta-cleavage pathway genes in Pseudomonas species. The pNM185 vector is based on the broad-host-range plasmid * Corresponding author. RSF1010 and bears the xylS regulatory gene and the tandem meta-cleavage pathway promoter Pm (11) , which can be activated by XylS in the presence of an inducer with structural resemblance to benzoate (15) . A BamHI deletion derivative of the construct was designated pWD15 and contained the xylXYZ genes, preceded by the Pm promoter, and the xylS gene (Fig. 1 ).
The conversion of "'C-labeled benzoate to the corresponding cis-diol by concentrated cell suspensions of Escherichia coli OT99, a recA derivative of E. coli C600 (3); Pseudomonas putida KT2442 (2); and Pseudomonas oleovorans GPo12, which is the cured derivative (M. Kok, Ph.D. thesis, University of Groningen, The Netherlands, 1988) of the OCT plasmid containing strain P. oleovorans TF4-1L (19) , all of which bore the pWD15 plasmid, was analyzed by thin-layer chromatography as described previously (10, 25) . The cells were harvested in the late-log growth phase 4 h after 5 mM m-toluate was added as an inducer. Radioactivity scanning analysis of the chromatogram revealed that the xylXYZ- mediated accumulation of the cis-diol of benzoic acid is maximal in P. oleovorans GPo12(pWD15) cells ( Table 1) . The cis-diol accumulation accomplished with Pseudomonas strains was considerably higher than the cis-diol production accomplished with E. coli recombinants. This could reflect the differences in expression of the TO genes from the Pm promoter in pseudomonads compared with that in E. coli, as was observed in other studies (2, 6, 11, 20) . The rate of cis-diol production from o-toluate (substrates were added to a concentration of 5 mM) by a growing culture of P. oleovorans derivative GPo12(pWD15) recombinants compared with that from m-toluate and p-toluate by growing cultures was determined by reversed-phase (Nucleosyl-5-C18 column; height, 10 cm; Macherey Nagel) high-pressure liquid chromatographic (HPLC) analysis (13) of culture supernatants ( Table 2 ) and indicated that a methyl group at the ortho position relative to the carboxyl moiety strongly interferes with TO activity.
The low rate of o-toluate conversion by TO was used to study the conversion of a range of substrates by this dioxygenase, since o-toluate efficiently induces the Pm promoter in the presence of XylS (15) . In this way, several monosubstituted benzoates with substituents at the ortho, meta, and para positions could be analyzed under conditions of sufficiently high expression of xylXYZ, independent of variations of Xyls specificity toward the different substrates (15) . The conversion of possible TO substrates was studied by growing P. oleovorans GPo12(pWD15) cells in the presence of 5 mM inducer (o-toluate) and 5 mM substrate. The amount of cis-diol produced was correlated with the amount of substrate remaining in the culture supernatant after 16 h of growth, as measured by reversed-phase HPLC (13) , and was compared with the amount present in the absence of cells. The data (Table 3) indicate that TO can utilize benzoate derivatives with large substituents at the meta and para positions but cannot efficiently convert ortho-substituted benzoates. The biotransformation of disubstituted benzoates " Relative to the carboxyl group. b Conversion of benzoic acid derivatives and concomitant accumulation of cis-diol carboxylates was determined by reversed-phase HPLC analysis (13) of culture supernatants of GPo12(pWD15) isolates grown overnight in minimal medium (21) in the presence of 5 mM o-toluate (inducer) and 5 mM substrate. The amount of substrate converted to the corresponding cis-diol is expressed relative to the amount of substrate remaining in medium to which no cells were added. ' ND, Not determined. by P. oleovorans GPo12 recombinants was studied by similar means (data not shown). 3,4-Dimethyl-, 3,5-dimethyl-, and 3,4-dihydroxybenzoate were converted with different degrees of efficiency; but there was no detectable transformation of 3-methylsalicylate; 4-chlorosalicylate; or 2,3-dimethyl-, 2,4-dimethyl-, 2,5-dimethyl-, 5-bromo-2-chloro-, 2,4-dichloro-, 2,5-dichloro-, 2,6-dichloro-, 3,5-dichloro-, 2chloro-6-fluoro-, 4-chloro-3-nitro-, 3,4-dimethoxy-, 3-hydroxy-5-methyl-, 3-hydroxy-4-methoxy-, or 4-hydroxy-3methoxybenzoate to the corresponding cis-diols.
The conversion of m-toluate and p-toluate was complete within 23 h in cultures that were grown in the absence of o-toluate. This conversion was also found in recombinants that were grown in the presence of equimolar amounts of o-toluate and m-toluate of o-toluate and p-toluate (Table 3 ). This indicates that o-toluate does not inhibit TO activity to a large extent. The range of substrates that can be converted by TO include several that are not completely mineralized by TOL plasmid-encoded pathways because of the toxicity of an intermediate or the formation of a dead-end product (18) . Although 3-ethylbenzoate was not tested as a substrate for TO-mediated conversion, the observation that TOL plasmidcontaining cells can completely mineralize 3-ethyltoluene (9) indicates that the corresponding benzoate is probably oxidized by TO. Benzoate derivatives carrying an ortho substituent can only be efficiently oxidized by TO if the substituent is a hydrogen or a fluorine atom. The meta and para positions of benzoate can carry relatively large substituents and still be efficiently oxidized by TO. It appeared that large substituents at the meta position of benzoate are more readily tolerated by the enzyme than are large substituents at the para positions, although these differences could partly be due to charge effects, as observed by Reineke and Knackmuss (16) .
The oxidation of substituted benzoic acids to cis-diols by the broad-substrate-range dioxygenase TO could thus provide, when the substrates carry permitted functional groups, a valuable tool for the production of a wide variety of fine chemicals. 
